We investigate inflation driven by the evolution of highly excited quantum states within the framework of out of equilibrium field dynamics. The self-consistent evolution of these quantum states and the scale factor is studied analytically and numerically. It is shown that the time evolution of these quantum states lead to two consecutive stages of inflation under conditions that are the quantum analogue of slow-roll. The evolution of the scale factor during the first stage has new features that are characteristic of the quantum state. During this initial stage the quantum fluctuations in the highly excited band build up an effective homogeneous condensate with a non-perturbatively large amplitude as a consequence of the large number of quanta. The second stage of inflation is similar to the usual classical chaotic scenario but driven by this effective condensate. The excited quantum modes are already superhorizon in the first stage and do not affect the power spectrum of scalar perturbations. Thus, this novel scenario provides a field theoretical justification for chaotic scenarios driven by a classical homogeneous scalar field of large amplitude.
Introduction
Inflation is a stage of accelerated expansion in the very early Universe. The present observations makes inflationary cosmology be the leading theoretical framework to explain the homogeneity, isotropy and flatness of the Universe, and the observed features of the cosmic microwave background.
There are very many different models for inflation motivated by particle physics and most if not all of them invoke one or several scalar fields, the inflaton(s), whose dynamical evolution in a scalar potential leads to an inflationary epoch. These inflaton fields are scalar fields that attempt to provide an effective description for the fields in the grand unified theories.
Most treatments of inflation study the evolution of the inflaton as a homogeneous classical scalar field. The quantum field theory interpretation is that this classical homogeneous field configuration is the expectation value of a quantum field operator in a translational invariant quantum state. In this treatments, while the evolution of this coherent field configuration is studied via classical equations of motion, quantum fluctuations of the scalar field around this expectation value are treated perturbatively and are interpreted as the seeds for scalar density perturbations of the metric 1 .
An important class of inflationary models produces inflation starting from highly excited states that rolls down the potential (for example: chaotic inflation). This models are usually studied in a classical framework. In order to have a long inflationary period, it is necessary that the field rolls down very slowly. For this models various conditions have been obtained that are different realizations of what we will call the classical slow roll condition,
this condition guarantees that there is inflation and that it last long. (η is the amplitude of the classical scalar field, m its mass, and the dot denotes time derivative). The purpose of this article is to provide a consistent quantum treatment of models whose classical counterparts are these "large field" models.
Initial conditions and equations of motion
We treat the inflaton as a full quantum field, and we study its dynamics in a classical spacetime metric (consistently with inflation at a scale well below the Planck energy density). The dynamics of the classical space-time metric is determined by the Einstein equations with a source term given by the expectation value of the energy momentum tensor of the quantum inflaton field (G µν = 8πM −2 P l T µν ). Hence we solve self-consistently the coupled evolution equations for the classical metric and the quantum inflaton field.
We assume that the universe is homogeneous, isotropic and spatially flat, thus it is described by the metric,
We consider an inflaton model with the matter action given by
where Φ(x) is an N -component scalar inflaton field. Here, we study the case m 2 > 0. We investigate the possibility of inflation driven by the evolution of highly excited quantum state with large energy density. This implies the need a non-perturbative treatment of the evolution of the quantum state and therefore we use the large N limit method.
In order to obtain the evolution equations it is convenient to decompose the field as follows
where Φ = ( √ N η(t), 0), and
here, f k are the modes of the quantum fluctuations (note that they can be large in this nonperturbative framework). The evolution equations for the field in the large N limit are a ,
and for the scale factor (H =ȧ/a),
where ǫ = T 00 is the energy density. (The subindex R denotes the renormalized expressions for these integrals, the explicit expressions for the subtractions can be found in Ref. 2 .) The equations for the expectation value and for the field modes are analogous to damped oscillator equations, and the inflationary period would correspond to the overdamped regime of this damped oscillators. We focus on the possibility of inflation through the dynamical quantum evolution of a highly excited initial state with large energy density. It can be shown that the initial conditions for a general pure state can be parameterized as follows 2, 4 ,
where Ω k and δ k set the initial conditions. They fix the energy contained in each mode and the coherence between them.
Generalized chaotic inflation
In this framework we have found that the following generalized slow roll conditioṅ
guarantees there is inflation (ä > 0) and that it last long. (This condition includes the classical oneη 2 ≪ m 2 η 2 as a particular case.)
This scenario presents two inflationary epochs:
Fast decreasing Hubble parameter epoch. During this epoch the term
a 2 |f k | 2 has an important contribution to the energy density, and the dominant process is the redshift of the excitations (k/a → 0). This epoch ends when this D contribution becomes negligible.
2. Quasi-De Sitter epoch. The enormous redshift of the previous epoch assembles the quanta into a zero mode condensate,
that verifies the classical equations of motion,
Therefore, this period can be effectively described by a classical field. The total number of e-folds (N e ≡ log(a f inal /a initial ) decreases if the initial state had high momentum quanta excited (for constant initial energy). For example, if the initial energy is concentrated in a shell of momenta k 0 and the quadratic term in the potential (4) dominates;
where the classical result is recovered at k 0 = 0).
Comments and Conclusions
In this article we study the chaotic inflation scenario giving a consistent non-perturbative quantum treatment to the inflation field, that allows to study the dynamics of highly excited quantum states. We have shown that these highly excited quantum states lead to efficient inflation under conditions that are the quantum analog of the classical slow roll conditions. Therefore, it broads the class of initial states known to give rise to efficient inflation. (A further generalization to mixed states can also be done 2 .) It is also important to note that this generalized slow roll condition allows initial states that do not break the possible Φ → − Φ symmetry of the potential.
Furthermore the classical chaotic inflation scenario emerge as an effective description of the second inflationary period. Therefore, the generalized chaotic inflation provides a field theoretical justification for classical chaotic inflation.
